Introduction to the TIE Receptor Tyrosine Kinase Family {#Sec1}
=======================================================

TIE1 and TIE2 receptor tyrosine kinases (RTK) were isolated in the beginning of the 1990s \[[@CR1]--[@CR4]\]. They constitute a distinct RTK subfamily with a unique extracellular structure consisting of epidermal growth factor, immunoglobulin, and fibronectin type III domains (Fig. [16.1](#Fig1){ref-type="fig"}, Table [16.1](#Tab1){ref-type="table"}). Angiopoietin growth factors (ANGPT1, ANGPT2, ANGPT4, also called ANG1, ANG2, ANG4 in humans) are ligands for TIE2 \[[@CR5]--[@CR7]\], while TIE1 is an orphan receptor. Besides the vascular endothelial growth factors (VEGFs) and their receptors, the angiopoietins and TIE receptors define the second endothelial specific RTK signaling pathway. The ANG-TIE system is important for cardiac, blood vascular, and lymphatic vessel development and for the homeostasis of the mature vasculature. The ANG-TIE system also regulates tumor angiogenesis, lymphangiogenesis, and metastasis as well as pathological endothelial inflammation and vascular leak in numerous diseases (reviewed in \[[@CR8], [@CR9]\]).Fig. 16.1Schematic presentation of the angiopoietin-induced TIE1 and TIE2 receptor signaling complexes. Angiopoietin growth factors bind to the TIE2 receptor tyrosine kinase with similar affinity, inducing TIE receptor clustering. The activating ANG1 ligand induces phosphorylation of TIE2, and to some extent also TIE1 in cell--matrix (*top, right*) and cell--cellFig. 16.1 (continued) (*top, left*) contacts. In cell--cell contacts, the activated TIE2 receptor signals to stabilize the endothelium after angiogenic processes, and improve the endothelial barrier function, while in cell--matrix contacts, TIE2 stimulates endothelial migration. Pericellular matrix - α5β1-integrin interaction has been reported to promote ANG1-TIE2 signaling for cell survival and cell motility. Vascular sprouting may also involve ANG1 interactions with integrins on non-endothelial cells, such as astrocytes. ANG2 is a weak TIE2 agonist/antagonist, which can counteract ANG1 signaling in cell junctions (*bottom, left*), especially when its expression is increased, for example, in sepsis. High ANG2 levels also activate β1-integrin, which induces further destabilization of endothelial cell junctions, promoting vascular permeability (bottom*, right*). In endothelial tip cells, which express ANG2 but low levels of TIE2, ANG2 signals via integrins to promote vascular sprouting. In the tumor vasculature, and in stressed endothelial cells which are exposed to low levels of ANG1 signaling, ANG2 may provide cell survival signals. Deletion of the ligand-less TIE1 receptor inhibits atherosclerosis and tumor angiogenesis, and results in reduced TIE2 phosphorylation in *Tie1* gene-targeted mice. The *colors* of the TIE receptor domains refer to the corresponding exon colors in Fig. [16.3](#Fig3){ref-type="fig"} Fig. 16.2ANG2-β1-integrin signaling promotes endothelial destabilization. In shScramble (shScr) transfected control cells, β1-integrin promotes cell-cell adhesion and cortical actin cytoskeleton in the cell periphery via focal adhesions. In TIE2 silenced (shTIE2) endothelial cells, and in the endothelium of ANG2 transgenic mice \[[@CR211]\] β1-integrin is localized in elongated matrix adhesions that connect to actin stress fibres and reduce the integrity of vascular endothelial-cadherin-containing cell--cell junctions. ANG2 was found to signal via β1-integrin when ANG2 levels were elevated or when TIE2 levels were decreased, leading to endothelial β1-integrin activation and cellular tension, which should contribute to reduced barrier function in diseased conditions, such as sepsis \[[@CR211]\]. Image provided by Laura Hakanpää

###### 

Summary of the TIE1 and TIE2 receptors

                                                  TIE1 (*T*yrosine kinase receptor with *I*mmunoglobulin and *E*GF homology domain 1), also Tie                                                                               TIE2, also TEK (*T*unica interna *E*ndothelial cell *K*inase)
  ----------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------
  Chromosome location, human                      1p34--p33                                                                                                                                                                   9p21
  Gene size (kb), human                           22,1                                                                                                                                                                        121
  Exons (productive, longest transcript), human   23                                                                                                                                                                          23
  mRNA size (5′ UTR, ORF, 3′ UTR), human          3882 (79, 3417, 386)                                                                                                                                                        4760 (442, 3375, 943)
  Amino acid residues, human                      1,138                                                                                                                                                                       1,124
  Molecular weights (kDa), human                  125 (without glycosylation), \~135 kDa apparent size on PAGE                                                                                                                126 (without glycosylation), \~150 apparent size on PAGE
  Posttranslational modifications                 Glycosylation                                                                                                                                                               Glycosylation
  Extracellular domains                           3 Ig-like (I set), 3 EGF-like, 3 fibronectin type III                                                                                                                       3 Ig-like (I set), 3 EGF-like, 3 fibronectin type III
  Ligands                                         Unknown                                                                                                                                                                     ANGPT1, ANGPT2, ANGPT4 (mouse ANGPT4 was previously termed ANG3)
  Known interaction partners                      TIE2                                                                                                                                                                        TIE1, TIE2, VE-PTP
  Signal transduction pathways activated                                                                                                                                                                                      PI3-K/Akt (cell--cell contacts), ERK, DokR (cell--matrix contacts), GRB2, ABIN-2, Rac1/ IQGAP1, STAT
  Tissues expressed                               Endothelial cells, hematopoietic cells (stem cells, some myeloid cells, such as megakaryoblasts)                                                                            Endothelial cells, hematopoietic stem cells, megakaryoblasts, TEMs (Tie2-expressing macrophages)
  Human diseases                                  Somatic mutations in cancer and angiosarcoma, implicated in a variety of other diseases                                                                                     Vascular malformations (germ-line and somatic mutations), implicated in cancer and diabetic retinopathy
  Knockout mouse phenotype                        Impaired endothelial integrity, hemorrhages, lymphatic vessel defects, edema, death starting at E13.5, reduced atherosclerosis and reduced tumor growth and angiogenesis.   Impaired cardiac development, reduced numbers of endothelial cells, hemorrhages, death by E10.5, lymphatic vessel defects

The Role of the TIE Receptor Tyrosine Kinase Family in Vascular Development {#Sec2}
===========================================================================

After the initial assembly of the primary vascular plexus, which requires VEGF-dependent signals, the ANG-TIE system is necessary for cardiac development and for the remodeling of both the blood and lymphatic vasculatures after mid-gestation \[[@CR8]\]. Gene-targeted mouse models have revealed a unique function for the ANG1-TIE2 pathway during cardiac development and for TIE1 and TIE2 during later stages of angiogenic capillary growth. Furthermore, TIE1, ANG2 and ANG1 regulate postnatal growth of the retinal vasculature \[[@CR21]--[@CR17]\]. The TIE receptors and their angiopoietin ligands are also required for lymphatic development via effects on vessel remodeling, maturation and valve morphogenesis \[[@CR18]--[@CR210]\].

Ang1 and Tie2 in Cardiac and Vascular Development {#Sec3}
-------------------------------------------------

*Tie2* gene-targeted mouse embryos show severely impaired cardiac development, reduced numbers of endothelial cells, and hemorrhages, resulting in embryonic lethality by E10.5 \[[@CR10]\]. Gene-targeted embryos deficient of the Tie2 ligand Ang1 die by E12.5 \[[@CR5]\]. They have a very similar phenotype, including impaired cardiac development and less complex vascular structures. In addition, the endothelial cells in the *Ang1* ^*−/−*^ embryos are rounded and poorly associated with basement membranes \[[@CR5]\]. Myocardial Ang1 expression appears to stimulate coronary vein formation, by promoting the proliferation, migration, and differentiation of immature endothelial cells derived from the sinus venosus \[[@CR11]\]. Interestingly, cardiac-specific *Ang1* deletion during embryogenesis largely phenocopied the ubiquitous loss of Ang1. The deletion of *Ang1* after E13.5 was compatible with life; however, postnatal retinal angiogenesis was defective \[[@CR12], [@CR13]\]. Ang1 does not appear to be required for normal homeostasis in the adult vasculature, but it is required to limit pathological angiogenic responses and fibrosis after injury or during microvascular stress \[[@CR12], [@CR13]\].

Tie1 Regulates Vascular and Lymphatic Development {#Sec4}
-------------------------------------------------

Endothelial integrity is impaired in the *Tie1* gene-targeted mouse embryos, resulting in hemorrhages and lethality at E13.5 \[[@CR14]\]. Tie1 is required for endothelial cell survival and for capillary growth during late phases of embryonic angiogenesis, especially in the developing kidney and the brain \[[@CR15]\]. The deletion of both *Tie1* and *Tie2* causes more severe defects in vascular integrity than single gene deletions, and mosaic analysis has demonstrated that both Tie1 and Tie2 are required in endothelial cells during late phases of embryonic development and in adult tissues \[[@CR16]\]. Postnatal conditional deletion of *Tie1* decreased angiogenic sprouting in the developing retinal vasculature, but had little effect on mature vessels in adult tissues \[[@CR17]\].

Tie1 is also critical for lymphatic vascular development. Conditionally targeted *Tie1* embryos showed severe edema and abnormal formation of jugular lymph sacs at E13.5--14.5 \[[@CR18], [@CR19]\]. A genetic *Tie1* mouse model, with conditionally targeted *Tie1* endodomain, demonstrated abnormal lymphatic collecting vessels and defective lymphatic valve formation between E15.5 and E18.5, and during postnatal life \[[@CR20]\].

Ang2/Ang1-Tie2 Pathway Is Critical for Lymphatic Vascular Remodeling {#Sec5}
--------------------------------------------------------------------

*Ang2*-deficient mice die postnatally or survive until adulthood, depending on the genetic background \[[@CR21]\]. Newborn *Ang2*-deleted mice suffer from generalized lymphatic dysfunction, including subcutaneous edema and chylous ascites \[[@CR21]\]. Their collecting lymphatic vessels fail to undergo proper postnatal maturation and have abnormal smooth muscle cell coating, whereas the lymphatic capillaries are hypoplastic and disorganized \[[@CR21], [@CR22]\].

Ang2 is indispensable for lymphatic remodeling; genetic deletion or administration of blocking ANG2 antibodies at different stages during embryonic development prevented the maturation of zipper-like junctions to button-like junctions of the lymphatic capillary endothelium and inhibited the phosphorylation of VE-cadherin at Tyr685, whereas in the collecting lymphatic vessels the adherens junctions were disrupted, resulting in compromised lymph drainage \[[@CR23]\]. Embryonic Ang2-blockade suppressed also the formation and maturation of the lymphatic valves \[[@CR23]\].

When expressed in the *Ang2* genetic locus, Ang1 was able to complement the lymphatic defects of *Ang2* gene-targeted mice, indicating that Ang2 and Ang1 function similarly in the lymphatic vasculature, likely as Tie2 agonists \[[@CR21]\].

Conditional deletion of *Ang1* and *Ang2* in double knockout mice demonstrated lack of Schlemm's canal and lymphatic capillaries in the corneal limbus, leading to a dramatic increase in intraocular pressure and glaucoma \[[@CR24]\]. The lymphatic defects in the *Ang1* and *Ang2* double knockout mice were more severe than in the *Ang2* single knockout mice, suggesting that both Ang1 and Ang2 contribute to the formation of the lymphatic vasculature in the eye \[[@CR24]\]. Furthermore, deletion of both *Ang1* and *Ang2* at E12.5, but not *Ang2* alone, resulted in subcutaneous edema in the embryos. The lymphatic phenotypes of *Ang1* and *Ang2* double knockout mice resembled those observed upon conditional *Tie2* deletion, suggesting that compensatory mechanisms regulate lymphatic development via Tie2 \[[@CR24]\].

Ectopic overexpression of Ang2 in developing mouse embryos resulted in blood vascular defects similar to those in *Ang1*- *and Tie2-*deficient embryos, which initially suggested that ANG2 acts as a TIE2 antagonist in the vascular endothelium \[[@CR6]\]. However, the blood vascular defects of *Ang2* ^*−/−*^ mice were limited to the development of the postnatal ocular vasculature, where Ang2 was required for the regression of the hyaloid vessels and for sprouting of the retinal vasculature \[[@CR21]\]. These results suggest that ANG2 may present its context-dependent antagonistic function during development of the eye vasculature, where it functions to destabilize the existing hyaloid blood vessels.

The Role of the TIE Receptor Tyrosine Kinase Family in Physiology and Disease {#Sec6}
=============================================================================

The ANG-TIE system regulates vascular homeostasis and it is also implicated in numerous vascular diseases. Therefore, the ANG-TIE system has become a target of investigational vascular therapies \[[@CR29]\]. ANG1 mediates vascular protection via TIE2 activation, and recombinant or viral vector delivery of ANG1 protein has been considered as a potential means for alleviating vascular complications of diabetes and sepsis, which may result in acute lung and kidney injury \[[@CR48]\]. The potential of ANG1 to induce organized neovascularization with non-leaky vessels has stimulated research on ANG1 as a therapy for ischemic diseases \[[@CR61]--[@CR62]\]. Reduced TIE receptor expression has been associated with susceptibility to vascular complications caused by hemorrhagic Ebola virus infection, whereas activating TIE2 mutations contribute to the development of cutaneomucosal venous malformations \[[@CR26], [@CR55]\]. In contrast, inhibition of ANG2 has shown beneficial effects in reducing vascular leakage, alleviating e.g. sepsis-induced lung injury and harmful inflammation associated with cardiac transplant rejection \[[@CR50], [@CR68]\]. Inhibition of ANG2 \[[@CR160]\] and TIE1 may provide protection from atherosclerosis, and inhibition of both ANG2 and TIE1 has been demonstrated to decrease tumor angiogenesis and growth \[[@CR17], [@CR36]--[@CR42]\].

TIE2 Mutations in Vascular Malformations {#Sec7}
----------------------------------------

Vascular anomalies are developmental vascular defects and consist of a variety of hereditary and sporadic disorders. Germline *TIE2* mutations (most common is the point mutation R849W) cause the inherited cutaneomucosal venous malformation (VMCM) syndrome, which is characterized by multifocal small bluish cutaneous and mucosal lesions, composed of enlarged, tortuous venous channels \[[@CR25]\]. The patients are also affected by somatic 'second hit' mutations causing loss of function of the second *TIE2* allele \[[@CR26]\].

Somatic *TIE2* mutations cause a more common, sporadic form of venous malformation (VM), characterized by extensive unifocal lesions and enlarged venous channels with patchy smooth-muscle cell layers and a thin, continuous TIE2-positive endothelial cell layer \[[@CR26], [@CR27]\]. When ectopically expressed in cultured endothelial cells, the VM-associated mutant TIE2 proteins, including the R849W mutant, were hyperphosphorylated. However, the level of hyperphosphorylation did not correlate with the clinical phenotype of the patients \[[@CR26]\]. Some of the TIE2 mutations, for example, L914F, affected the subcellular localization of TIE2, resulting in impaired receptor localization on the cell surface, increased Akt and STAT1 phosphorylation, and decreased platelet-derived growth factor B expression, which may contribute to the weak pericyte--endothelial cell association observed in the VM lesions \[[@CR26], [@CR28]\].

ANG-TIE System in Cancer {#Sec8}
------------------------

Circulating ANG2 levels have been identified as an independent factor predicting poor prognosis in many human cancers, including metastatic melanoma, colorectal cancer (CRC), and chronic lymphocytic leukemia \[[@CR29]\]. Several approaches to target the ANG-TIE system are in clinical development for the treatment of human cancer, some of these have advanced into phase III trials \[[@CR30]\]. In contrast to VEGF, which is highly expressed by many tumor cells, tumor cell lines express very little ANG2 \[[@CR8]\]. Instead, ANG2 mRNA expression was detected in cells of the tumor stroma in patients with metastatic CRC \[[@CR31]\], in line with preclinical data from mouse tumor models \[[@CR32]\]. Interestingly, low pre-therapeutic circulating ANG2 levels were associated with a better response to bevacizumab in CRC patients, suggesting that circulating ANG2 may provide a biomarker for anti-angiogenic therapies in CRC, where bevacizumab is used in combination with chemotherapy \[[@CR31]\].

In preclinical models, blocking of the ANG-TIE interaction has been demonstrated to inhibit tumor angiogenesis and lymphangiogenesis. These studies used different ANG2 and ANG1/ANG2 blocking agents in various mouse tumor or xenograft models, either as monotherapy or in combination with VEGF signaling inhibitors, which showed synergistic effects (reviewed in \[[@CR9]\]). Mechanistically, the function of ANG2 in tumor angiogenesis is not well known. ANG2 expression has been detected as one of the first markers of the activated endothelium of co-opted tumor blood vessels. ANG2 is thought to cause endothelial destabilization, leading to vessel regression, hypoxia, and increased expression of both ANG2 and VEGF, which together induce robust angiogenesis in the tumor (angiogenic switch) \[[@CR32]\]. However, ANG2 has been also proposed to act as a TIE2 agonist in tumors, promoting endothelial cell survival in the tumor vasculature, where the ANG2/ANG1 ratio is elevated \[[@CR33]\].

In addition, ANG2 appears to contribute to the vascular phenotype of tumors by inducing pericyte detachment and endothelial cell sprouting \[[@CR34], [@CR35]\], while blocking ANG2 results in the normalization of tumor vessels with increased levels of adhesion molecules at endothelial cell-cell junctions, increased pericyte coverage, reduced endothelial cell sprouting, and vascular remodeling, producing smaller, more uniform vessels \[[@CR36]\]. Some of the vascular normalization effects of ANG2 blocking therapies may be mediated by ANG1 \[[@CR36]\]. A chimeric cartilage oligomeric matrix protein-angiopoietin-1 (COMP-ANG1) induced vessel normalization and improved vessel perfusion, potentiating chemotherapy in a syngeneic mouse tumor model \[[@CR37], [@CR38]\].

Anti-angiogenic therapies have been suggested to enhance invasive tumor growth \[[@CR39], [@CR40]\], while ANG2 blocking inhibits tumor lymphangiogenesis and decreases lymph node and distant metastasis \[[@CR41], [@CR42]\]. Anti-ANG2 antibodies inhibited tumor cell extravasation and lung metastasis by improving endothelial cell--cell junctions of tumor-associated pulmonary capillaries \[[@CR42]\]. Mechanistically, the ANG2 blocking antibody not only inhibited ANG2 binding to TIE2, but also induced the internalization of the ANG2-TIE2 complexes \[[@CR42]\]. Blocking ANG2 was also reported to modulate the functions of TIE2-expressing macrophages (TEMs), which form a subpopulation of tumor-associated proangiogenic myeloid cells \[[@CR41]\]. Furthermore, ANG2 neutralization effectively reduced the growth of pancreatic RIP1-Tag2 tumors, which developed evasive resistance to VEGFR-2 inhibitors partly via increased ANG2/TIE2 expression \[[@CR43]\].

Tie1 in Cancer and Cardiovascular Disease {#Sec9}
-----------------------------------------

*TIE1* is expressed in the endothelium of tumor vessels \[[@CR44]\]. Recent results demonstrated reduced tumor growth and postnatal angiogenesis in mice with endothelial *Tie1* deletion \[[@CR17]\]. Endothelial cell apoptosis was increased in tumors grown in *Tie1*-deficient mice, whereas the normal vasculature was not affected \[[@CR17]\]. In addition, *Tie1* deletion reduced tumor growth and angiogenesis to a similar extent as VEGF signaling inhibitors. Interestingly, additive tumor growth inhibition was obtained with the soluble Tie2 ectodomain capable of neutralizing ANG ligands, but not with VEGF inhibitors when used in the *Tie1*-deficient mouse background \[[@CR17]\].

Furthermore, *Tie1* deletion appears to protect mice from atherosclerosis. *Tie1* is induced at sites of turbulent vascular flow in arteries, and the deletion of *Tie1* provided a benefit for *Apoe* ^*−/−*^ mice on regular diet, by decreasing the number of atherosclerosis plaques \[[@CR45]\].

ANG-TIE System in Vascular Leak and Therapeutic Angiogenesis {#Sec10}
------------------------------------------------------------

Circulating ANG2 levels are significantly elevated in diseases characterized by endothelial destabilization and vascular leak, such as sepsis, acute lung and kidney injury and acute respiratory distress syndrome (ARDS) \[[@CR46]\]. Ang2 appears to contribute to endothelial barrier disruption in sepsis-associated lung injury, but excess systemic Ang2 has been also reported to provoke pulmonary vascular leak and congestion in otherwise healthy adult mice \[[@CR47]\].

Mice heterozygous for *Ang2* were protected from sepsis-induced kidney and lung injury, demonstrating less tissue inflammation and vascular leakage compared to wild-type mice, whereas *Tie2* heterozygous mice were more susceptible to endotoxin-induced lung injury \[[@CR48], [@CR49]\]. In addition, ANG2 blocking antibodies reduced hemodynamic alterations and mortality rate in mice with lipopolysaccharide (LPS)-induced sepsis \[[@CR50]\]. Furthermore, siRNA silencing of *Ang2* in the pulmonary endothelium improved the survival of mice following cecal ligation and puncture, both as a pretreatment and as a rescue intervention \[[@CR51]\]. On the other hand, ectopically provided ANG1 alleviated sepsis-induced lung injury \[[@CR48]\]. These results suggest that ANG2 promotes, whereas ANG1-TIE2 signaling protects from the drastic consequences of sepsis. The vascular protective signals emanating from ANG1-TIE2 receptor complexes are well studied, whereas ANG2 signaling mechanisms in vascular pathologies are less well understood. However, ANG2 can increase vascular leak induced by many inflammatory cytokines \[[@CR54]\]. Decreased Tie2 levels have been reported in the vasculature during septic shock; these may further aggravate the disease \[[@CR48]\]. Reduced Tie2 expression was also associated with susceptibility to fatal vascular complications induced by hemorrhagic Ebola virus infection in mice \[[@CR55]\]. A recent study demonstrated that when TIE2 levels are reduced or when ANG2 levels are increased, ANG2 can signal via β1-integrin to induce endothelial retraction and destabilization of endothelial cell junctions, a mechanism that may be in place in conditions with increased vascular leak \[[@CR211]\] (Fig. [16.2](#Fig2){ref-type="fig"}).

ANG2 is also a pro-inflammatory molecule: ANG2 sensitizes endothelial cells to TNF-α signaling to induce expression of endothelial cell adhesion molecules \[[@CR56]\]. In a mouse model of chronic airway inflammation, ANG2 blocking agents decreased the remodeling of mucosal capillaries into venules, the amount of leukocyte recruitment, and disease severity \[[@CR57]\]. Ang2 is also highly upregulated in the retinas of diabetic rats. Reduced *Ang2* gene dosage inhibited diabetes-induced pericyte loss and the formation of acellular capillary segments, suggesting a critical function for ANG2 in diabetic retinopathy \[[@CR58]\]. ANG2-induced pericyte apoptosis seems to occur under high glucose via an integrin-dependent pathway \[[@CR59]\].

In contrast to ANG2, ANG1 is anti-inflammatory, stimulates endothelial cell survival, and inhibits vascular permeability via multiple mechanisms including direct effects on the endothelial cell glycocalyx \[[@CR60]\]. The potential of ANG1 to promote vascular stability and barrier function as well as to stimulate organized vascular remodeling resulting in non-leaky vessels makes ANG1 a potential therapeutic agent in numerous diseases \[[@CR61], [@CR62]\]. For example, ANG1 can improve the integrity of lymphatic vessels in inflamed skin after UVB irradiation by modulating expression of tight junction molecules \[[@CR63]\]. The recombinant-soluble ANG1 protein, COMP-ANG1, promoted angiogenesis and suppressed inflammation in sciatic nerves of diabetic (*ob/ob*) mice, suggesting that COMP-ANG1 could improve the morphologic and molecular changes associated with diabetic neuropathy \[[@CR64]\]. Adenoviral delivery of COMP-ANG1 also promoted diabetic wound healing by enhancing angiogenesis, lymphangiogenesis, and blood flow \[[@CR65]\]. The genetic deletion of *Ang1* in adult mice demonstrated that Ang1 limits pathological tissue fibrosis during wound healing and protects from microvascular disease in streptozotocin-induced diabetes \[[@CR12]\]. In preclinical mouse models, endothelial dysfunction during hypertension was reduced by expression of the COMP-ANG1 protein. The treatment reduced the hypertension-associated cardiovascular and renal damage and prevented further elevation of blood pressure \[[@CR66]\].

Ischemia followed by reperfusion occurs as a consequence of organ transplantation, treatment of hypotension, and major surgeries and may induce microvascular endothelial cell injury, leading to deregulation of vascular tone, tissue perfusion, permeability, and inflammation. In a renal ischemia--reperfusion model, COMP-ANG1 reduced vascular defects, vascular permeability and interstitial fibrosis, and preserved tissue perfusion, thereby improving renal function \[[@CR67]\]. Similar beneficial effects were observed in a renal artery clamping model when rats were treated with simvastatin, a HMG-CoA reductase inhibitor, which inhibits hypoxia-induced release of ANG2 from endothelial Weibel-Palade bodies \[[@CR156]\]. During cardiac transplantation, ischemia--reperfusion injury can trigger innate and adaptive immune responses that may lead to rejection, myocardial injury, and death, a series of events associated with increased ANG2 levels \[[@CR68]\]. Interestingly, a single *ex vivo* intracoronary injection of ANG2 blocking antibodies reduced vascular permeability, myocardial injury, and associated inflammation by preventing leukocyte infiltration and expression of endothelial cell adhesion molecules, eventually leading to prolonged allograft survival \[[@CR68]\].

Use of ANG1 for therapeutic neovascularization of ischemic tissues has gained interest because initial attempts to sustain neovascularization with VEGF family growth factors resulted in serious side effects. A recombinant protein made by fusion of the receptor-binding domains of VEGF and ANG1 growth factors, the VA1 chimera, was shown to be a potent angiogenic factor that triggers a novel mode of VEGFR-2 activation, promoting less vessel leakiness, less tissue inflammation, and better perfusion in ischemic muscle than VEGF \[[@CR69]\]. In contrast, transgenic expression of ANG2 was shown to inhibit collateral artery growth and smooth muscle cell recruitment after arterial occlusion, thereby impairing perfusion and increasing necrosis in the ischemic limb \[[@CR70]\].

TIE1 and TIE2 Genes {#Sec11}
===================

The *TIE1* and *TIE2* genes are conserved in numerous species, and their orthologues are present in chordates, but not e.g. in *C. elegans* or *D. melanogaster*. TIE1 and TIE2 are expressed mainly in the endothelial cells, with some expression in certain hematopoietic cell lineages, including TIE2-positive hematopoietic stem cells and a subpopulation of proangiogenic TIE2-positive macrophages \[[@CR71]--[@CR80]\]. *Tie1* expression is induced during vascular remodeling, in tumors, and by disturbed flow in vascular bifurcations and branching points of arteries, whereas TIE1 expression is reduced by shear stress \[[@CR44], [@CR72], [@CR95]\]. *TIE1, ANGPT2*, and *TIE2* mRNAs are strongly expressed also in cells of Kaposi's sarcoma tumor cells, and in cutaneous angiosarcomas \[[@CR96]\].

TIE1 {#Sec12}
----

The human *TIE1* gene, located in chromosome 1p34-p33, is expressed in an endothelial cell-specific manner \[[@CR71]\]. High expression of *Tie1* is found in adult lung, heart, and placenta. Moderate levels are present in the kidney, while skeletal muscle, brain, liver, and pancreas have less prominent expression. *Tie1* expression starts at about E8.5 during mouse embryonic development \[[@CR72]\]. *Tie1* mRNA is detected in differentiating angioblasts of the head mesenchyme, in the splanchnopleura and dorsal aorta, as well as in migrating endothelial cells of the developing heart, in the heart endocardium, and in endothelial cells forming the lung vasculature \[[@CR72]\].

A *TATA- or CAAT-box* is absent from the *TIE1* promoter. Critical promoter/enhancer elements that determine endothelial expression are located within several hundred nucleotides upstream of the major transcription initiation site. These elements include several binding sites for members of the Ets transcription factor family (NERF-2, ELF-1, and ETS2) and an octamer transcription factor binding site \[[@CR73]\]. This part of the promoter is conserved between mice and humans \[[@CR71]\], and it contains most of the promoter specificity determining sequences \[[@CR74]\]. Hence, it has been frequently utilized to drive endothelial cell-specific expression of transgenes \[[@CR74], [@CR75]\].

*TIE1* is also expressed in cultured endothelial cells, some hematopoietic progenitor cells, and some myeloid leukemia cell lines having erythroid and megakaryoblastoid characteristics \[[@CR76]\] and in adult acute myelogenous leukemia \[[@CR77]\].

TIE2 {#Sec13}
----

The *TIE2* gene (*TEK*) is very similar to the *TIE1* gene (Fig. [16.3](#Fig3){ref-type="fig"}). It features also 23 exons, although they span a much larger genomic region than *TIE1* exons (121 kb on chromosome 9p21 in comparison with 22 kb for the *TIE1* gene). Endothelial specific expression is controlled by transcription factor binding sites in the first intron of the *Tie2* gene \[[@CR75], [@CR78], [@CR79]\]. In addition, TIE2 is expressed in several hematopoietic cells, most notably in hematopoietic stem cells (HSCs), where ANG1-induced signals regulate HSC niche regeneration and vascular leakiness \[[@CR81], [@CR80]\]. TIE2 is also expressed in a subpopulation of type M2 monocytes (TEMs), with tumor and angiogenesis-promoting properties \[[@CR82]\] and in the muscle satellite cells, located among skeletal myofibers and associated with the microvasculature \[[@CR83]\]. Ang1 derived from the quiescent satellite cells or fibroblasts in the muscle microenvironment promotes satellite cell quiescence for long-term self-renewal of adult muscle stem cells \[[@CR83]\].Fig. 16.3The exon/intron structures of the human and mouse *TIE1* and *TIE2* genes. Exons are shown as *solid boxes* and introns as *brown lines*. Exons are colored according to the domain structure: *red*, signal peptide/SP; *green*, immunoglobulin-like domain/Ig; *magenta*, epidermal growth factor-like domain/EGF; *orange*, fibronectin type 3 domain/FN3; *cyan*, transmembrane domain/TM; *blue*, tyrosine kinase domain/TK; *black*, not assigned to any domain. The *black* numbers above the exons indicate the exon length. The numbers for the first and last exons are split into the coding (*black*) and untranslated sequences (*gray*). The *brown numbers* under the larger introns indicate the intron length. The *colored numbers* under the exons refer to the corresponding amino acid residues. The total number of amino acid residues in the receptors is shown in *black*. \*1,123 amino acid residues as deduced from the mouse genome project and one cDNA, and 1,122 amino acid residues according to the UniProtKB/Swiss-Prot database as deduced from three cDNAs. The assignment of the domain structure is according to the SMART protein domain research tool, except for the Ig-like and EGF-like domains, which are according to the TIE2 crystal structure determined by Barton et al. \[[@CR102]\]

Alternative Splicing and Conservation {#Sec14}
-------------------------------------

The exon--intron structure is highly conserved between *TIE1* and *TIE2* and also between the mouse and human *TIE* genes. Many alternative splice variants of *TIE1* and *TIE2* have been cloned or are found among EST sequences (see Alternative Splicing Database or Ensemble). Most but not all of the putative proteins resulting from such splice variants are likely not produced due to the lack of a functional signal peptide and thus their significance is unknown \[[@CR84]\]*.*

Gene Variants, Polymorphisms, and Somatic Mutations {#Sec15}
---------------------------------------------------

No variants of the human *TIE1* gene have been reported. However, somatic mutations affecting the extracellular and tyrosine kinase domains have been identified in cancer, including angiosarcoma \[[@CR85], [@CR86]\]. In contrast, mouse TIE1 features several sequence variants, which may be polymorphisms \[[@CR4], [@CR87], [@CR88]\].

Multiple missense point mutations have been described in the human *TIE2* gene. Most of them are located in sequences encoding the tyrosine kinase domain. They result in increased ligand-independent autophosphorylation and kinase activation and are linked to VMs \[[@CR26], [@CR42], [@CR89], [@CR90]\]. The mouse sequences for TIE2 similarly feature plenty of single amino acid variants, some of which correspond to human disease variants (for example, mouse R913G and human R915H). Notable is also a single valine insertion after position 786 of mouse TIE2, which is present in some cDNA sequences \[[@CR69]\], but absent from others \[[@CR2], [@CR3], [@CR68], [@CR63]\]. This results from alternative splicing at the intron 14--15 splice donor site. Larger variations involving stretches of 7 to 17 amino acid residues likely represent sequencing artifacts since they represent frameshifted versions of the wild-type sequence with junctions at sites of repeated calls of individual bases \[[@CR67]\]. Given the critical location of many of these sequence conflicts, the origin, verification, and documentation of TIE sequences used for experimental research are paramount.

Regulation of Transcription {#Sec16}
---------------------------

Increased TIE2 expression has been reported in hypoxia in both endothelial cells and TEMs \[[@CR91], [@CR92]\]. The response is at least partially mediated by transcriptional activation, presumably involving the HIF-2 transcription factor \[[@CR93]\]. However, there seems to be significant heterogeneity in the hypoxic response depending on the origin of the endothelial cells. Also, inflammatory cytokines such as TNFα and IL-1β upregulate TIE2 \[[@CR91]\].

*TIE1* expression is increased during wound healing, in proliferating ovarian capillaries during hormone-induced superovulation, and in tumor blood vessels \[[@CR44], [@CR72]\]. *Tie1* is downregulated by shear stress \[[@CR94]\], but induced by disturbed flow in vascular bifurcations and branching points of arteries \[[@CR95]\]. *TIE1*, along with *ANGPT2* and *TEK* mRNAs, is strongly expressed in cells of Kaposi's sarcoma tumor cells, and in cutaneous angiosarcomas \[[@CR96]\].

TIE Genes in Different Species {#Sec17}
------------------------------

The *TIE* family has been considered not only metazoan specific, but also chordate specific as no *TIE* orthologues have been found in *C. elegans* or *D. melanogaster* \[[@CR79], [@CR97]\]. Receptor tyrosine kinase genes resembling the *TIE* gene (MBRTK1/RTKB5 and others) have been identified in the unicellular choanoflagellate *Monosiga brevicollis*. However, the weak similarity with the chordate Tie family might be due to convergent evolution \[[@CR98], [@CR99]\].

*tie1* and *tie2* orthologues are found in zebrafish, but they appear to have different functions than their mouse counterparts. In contrast to the phenotype of the *Tie2* ^*−/−*^ mouse, *tie2* ^*−/−*^ mutant fish are viable and have no vascular or heart phenotype. However, knockdown of zebrafish *tie1* in the *tie2* mutant background results in phenotypes similar to those of the *Tie2* ^*−/−*^ mouse \[[@CR100]\]. This suggests for functional redundancy between the fish tie2 and tie1 proteins. Furthermore, study of *tie1* knockdown in fish suggests that *tie1* but not *tie2* is required for early stages of heart development. However, both *tie1* and *tie2* are indispensable in the later developmental stages for the maintenance of endocardial--myocardial interaction, a phenotype similar to that seen in *Tie2* ^*−/−*^ mice, where poor association between endothelial cells and the myocardium is evident.

TIE1 and TIE2 Proteins {#Sec18}
======================

The TIE RTKs are characterized by a unique extracellular domain (ECD) for ligand binding, a single-pass transmembrane domain, and a cytoplasmic protein tyrosine kinase (TK) domain. The TIE ECDs consist of immunoglobulin, epidermal growth factor-like, and fibronectin type III repeats. Crystal structures of the angiopoietin--TIE2 complexes demonstrate that ANG1 and ANG2 bind to the same sites in TIE2 in a largely similar manner \[[@CR102]\]. The mechanism of TIE2 activation remains elusive, although the oligomerization of angiopoietin ligands suggests that TIE2 activation requires its oligomerization \[[@CR106]--[@CR119]\]. Similar to other RTKs, the TIE2 oligomerization is likely to involve interactions between the ECDs and TIE2/TIE1 heterodimerization is mediated by interactions between their ECDs. Activation of the intracellular TIE tyrosine kinase domains is associated with phosphorylation of multiple tyrosine residues in the kinase domains and the C-terminal tail, which couples the TIE receptors to downstream signaling events \[[@CR212]\].

Domain Structure and Posttranslational Modifications {#Sec19}
----------------------------------------------------

The ECD of the TIE receptors is unique and consists of two immunoglobulin (Ig)-like domains, followed by three N-terminal epidermal growth factor (EGF)-like motifs, a third immunoglobulin (Ig)-like domain, and three fibronectin type III (FNIII) domains \[[@CR1], [@CR3]\]. The presence of the second Ig-like domain was revealed by the determination of the crystal structure of the TIE2 ligand-binding domain (LBD, residues 23--445) in complex with the ANG2 fibrinogen-like domain \[[@CR102]\]. The crystal structure (Fig. [16.4](#Fig4){ref-type="fig"}) revealed a compact, arrowhead-shaped molecule containing the Ig-like domains (Ig1--Ig3) and the EGF-like domains (EGF1--EGF3). The surface loops of Ig2 are at the tip of the TIE2 arrowhead and alone comprise the ANG2 binding site \[[@CR102]\]. Recently, a TIE2 structure including the first FNIII domain (FNIII-1) was solved in complex with the ANG1 fibrinogen-like domain \[[@CR103]\]. The inflexible associations between Ig3 and FNIII-1 and the orientation of FNIII-1 to the opposite direction of the ligand-binding site suggest a rigid and elongated molecular architecture for the TIE2 ECD.Fig. 16.4Crystal structures of the ANG2/TIE2 complex and the TIE2 kinase domain. (**a**) ANG2 fibrinogen-like domain in complex with TIE2 ligand-binding domain. TIE2 ligand-binding domain and ANG2 are colored in *light blue* and in *light orange*, respectively. TIE2 asparagine-linked carbohydrate groups are colored in *red* and shown as sticks. (**b**) Close-up view of the ANG2/TIE2 interface in (**a**). TIE2 Ig2 domain interacts with ANG2 P-domain. Hydrophobic residues, including Phe469 and Tyr475 from ANG2 and Phe161 from TIE2, dominate the interface. TIE2 Arg167 and ANG2 Asp448 mediate a salt-bridge. (**c**) TIE2 kinase domain. The N-terminal domain is colored green, C-terminal tail in *light blue* and the kinase insert domain (KID) in *blue*. The activation loop (A-loop) is highlighted in *red*

The TIE1 and TIE2 ECDs have an amino acid identity of 31 % and homology modeling of TIE1 revealed similar conserved overall folds and hydrophobic surfaces \[[@CR104]\]. However, comparison of the surface electrostatic potentials revealed that TIE2 ECD has a slight negative overall charge, whereas TIE1 ECD has a positive overall charge, suggesting that patches of oppositely charged molecular surfaces in TIE1 and TIE2 may be involved in TIE1--TIE2 heterodimerization \[[@CR104]\].

The intracellular domains of the TIE receptors are similar to those of VEGFR and PDGFR family members. Overall amino acid sequence identity between TIE1 and TIE2 intracellular domains is 76 %, which is much higher than for their extracellular domains. The kinase domain of human TIE2, residues 808--1124, folds into two domains, with catalysis occurring in a cleft between the two \[[@CR105]\]. The structure contains an N-terminal domain (residues 808--904) responsible for ligating ATP and a C-terminal domain (residues 905--1,124) having the catalytic core. A short kinase insert domain (KID) comprised of two α-helical segments pack against the C-terminal tail. The overall fold of the TIE2 kinase domain is similar to that observed in other serine/threonine and tyrosine kinase structures. However, the activation loop (A-loop), the nucleotide-binding loop, and the C-terminal tail in the TIE2 kinase domain structure adopt self-inhibitory conformations \[[@CR105]\]. The activation loop in TIE2, residues 982--1,008, contains a single tyrosine at position 992 and adopts an "activated-like" conformation. The nucleotide-binding loop contains residues responsible for binding of the ATP phosphate groups. In the TIE2 kinase domain, this loop, residues 831--836, occupies the ATP binding site. The C-terminal tail adopts an extended conformation to the active site and may inhibit substrate binding. Conformational changes needed for kinase domain activation may represent additional steps in the regulation of TIE2 activity.

TIE1 and TIE2 receptors contain multiple potential N-glycosylation sites. The structure of the TIE2 ligand binding domain revealed N-glycosylation in four of these sites, in Asn140 and Asn158 in Ig2 as well as in Asn399 and Asn438 in Ig3 \[[@CR102]\]. Of these, only Asn158 (Asn161) is conserved in TIE1. The human TIE2 sequence contains additional, potential N-glycosylation sites in Asn464, Asn560, Asn596, Asn649, and Asn691. On the other hand, the human TIE1 sequence contains additional, potential N-glycosylation sites in Asn83, Asn503, Asn596, and Asn709. The crystal structure of the TIE2 ligand-binding domain revealed also fourteen disulfide bonds apparently stabilizing the structures of the individual TIE2 domains: one in both Ig1 and Ig3, and four in each of the EGF repeats.

Phosphorylation Sites and Primary Signaling Molecules {#Sec20}
-----------------------------------------------------

A characteristic feature of RTKs, such as VEGFRs, is their dimerization induced by the binding of a dimeric ligand, followed by autophosphorylation of the intracellular kinase domains. TIE receptor function is also regulated by ligand binding to the extracellular domain of the receptor. However, at least a trimeric ligand is required for TIE2 activation in endothelial cells, suggesting that the active TIE2 receptor complex is composed of more than two receptor subunits \[[@CR106]\].

Following binding of the activating ANG1 ligand, TIE2 is autophosphorylated and intracellular signaling pathways are activated \[[@CR107]\]. The C-terminal tail of TIE2 contains three tyrosine residues. Using a yeast two-hybrid system, it was demonstrated that five molecules, GRB2, GRB7, GRB14, the non-receptor-type protein tyrosine phosphatase 11 (PTPN11), and the p85 subunit of phosphatidylinositol 3-kinase (PI3K), interact with TIE2 in a phosphotyrosine-dependent manner \[[@CR108]\]. Mapping of the binding sites of these molecules on TIE2 revealed a multisubstrate-docking site around Tyr1100 (mouse numbering) and a mutation of this site abolished GRB2 and GRB7 binding to TIE2. The p85 subunit of the PI3K has been shown also to associate with TIE2 Tyr1100 (cited Tyr1101 in \[[@CR105]\]). This association results in PI3K activation \[[@CR109]\]. Targeted mutation of the Tyr1100 in Tie2 showed impaired cardiac development as well as defective development of hematopoietic and endothelial cells in the mutant mice, but unlike the Tie2 knockout mice, the perivascular cells were normally associated with the blood vessels \[[@CR110]\]. Site-directed mutagenesis of Tyr1100 reduced the association of GRB2, as expected, but PTPN11 association remained intact \[[@CR111]\]. Conversely, the Y1111F (cited Y1112F in \[[@CR105]\]) mutation did not affect GRB2 association but decreased association of PTPN11, indicating that PTPN11 is a phospho-Tyr1111-specific signaling molecule. On the other hand, Tyr1106 of mouse Tie2 (1,108 in human) was identified as an ANG1-dependent autophosphorylation site that is required for the binding and phosphorylation of the docking protein Dok-R \[[@CR112]\]. Notably, phosphorylation of this Tie2 residue was reduced in *Tie1*-deficient mice \[[@CR17]\]. No tyrosine residue equivalent to Tyr1106 is present in TIE1.

Ligands of the Tie Receptor Family {#Sec21}
==================================

Angiopoietin growth factors (ANG1/ANGPT1, ANGPT2, and ANGPT4) are ligands for the TIE2 receptor, whereas TIE1 is an orphan receptor \[[@CR113]\]. Yet, ANG1 activates TIE1, likely via an interaction with TIE2 \[[@CR143], [@CR120]\]. Angiopoietins have a unique structure, with a C-terminal TIE2 binding fibrinogen-like domain and N-terminal coiled-coil and superclustering domains that mediate angiopoietin oligomerization into dimers, trimers, and higher-order oligomers \[[@CR118]\]. ANG1 is a strong activating ligand, whereas ANG2 is a weak ligand, despite homologous receptor-binding mechanisms \[[@CR6]\]. Angiopoietin oligomerization is required for efficient TIE2 activation and clustering. The degree of angiopoietin oligomerization varies, and the possible regulation of various angiopoietin forms in vivo remains to be determined.

Angiopoietin Structure and Receptor Binding {#Sec22}
-------------------------------------------

The angiopoietin growth factors (ANGPT1, ANGPT2, and ANGPT4) consist of an N-terminal region lacking homology to any other structures, a coiled-coil domain (ANG1; residues 79--263) similar to structures found in proteins that induce multimerization, and a C-terminal fibrinogen-like region (ANG1, residues 284--498), which contains the TIE2-binding portion \[[@CR6], [@CR113], [@CR114]\]. Indeed, crystal structure of the ANG2 fibrinogen-like region revealed a fibrinogen fold with a unique C-terminal P domain \[[@CR115]\]. Furthermore, conservation analysis and structure-based mutagenesis identified a groove on the P domain surface that mediates TIE2 recognition and binding. The mechanism of ligand binding to TIE2 was confirmed by the determination of the crystal structures of the ANG1/TIE2 ECD and ANG2/TIE2 ECD complexes \[[@CR102], [@CR103]\]. Both ANG1 and ANG2 interact exclusively with the Ig2 domain of TIE2 via their C-terminal P domains.

Comparison of the free and receptor-bound ANG1 and ANG2 structures indicates that both ANG1 and ANG2 undergo only minor structural changes upon TIE2 binding and that the ANG1/TIE2 interface is very similar to the ANG2/TIE2 interface \[[@CR103]\]. The TIE2 ligand-binding interface of about 1,300 Å^2^ is dominated by van der Waals interactions between non-polar side chains. In addition, several hydrogen bonds and salt bridges are also involved in stabilizing the ANG1/TIE2 and ANG2/TIE2 complexes. Structure-based mutagenesis of TIE2 abolished both ANG1 and ANG2 binding to TIE2 \[[@CR102]\].

The angiopoietin fibrinogen-like domains are responsible for receptor recognition and binding, and it has been suggested that the coiled-coil motif mediates homo- or heterodimerization of angiopoietin monomers \[[@CR106], [@CR116], [@CR117]\]. Mass spectroscopic analysis of fragments generated proteolytically from native ANG1 demonstrated that Cys265 in the coiled-coil domain is involved in covalent homodimerization by an intermolecular disulfide bridge \[[@CR106]\]. ANG1 and ANG2 were observed as trimers and dimers, and especially ANG1 is further clustered to form higher-order oligomers, such as tetramers and hexamers, and even higher multimeric forms, in solution \[[@CR106], [@CR118], [@CR117]\]. It is thought that the N-terminal region serves as a superclustering region assembling the angiopoietin coiled-coil dimers into higher-order oligomers. The angiopoietin fibrinogen-like domain has been found to bind TIE2 in a 1:1 stoichiometry \[[@CR106], [@CR115]\]. Because of the dimeric, trimeric, or multimeric structures of angiopoietins, the expected stoichiometry of the angiopoietin-receptor complex in vivo would be thus 2:2 or higher.

The angiopoietin fibrinogen-like regions contain also two other surface patches of particularly conserved residues, suggesting that these might be also involved in biologically important interactions \[[@CR115]\]. However, mutations within these conserved surface regions in the fibrinogen-like A and B domains did not affect TIE2 binding \[[@CR116]\].

Tie Receptor Specificity {#Sec23}
------------------------

All three angiopoietins bind to TIE2 \[[@CR6], [@CR113], [@CR114]\]. Interestingly, ANG1 and ANG4 are TIE2 agonists, while ANG2 induces only weak TIE2 phosphorylation and can inhibit ANG1-induced TIE2 activation. The oligomeric structure of angiopoietins suggests that ANG1 and ANG4 activate TIE2 by bridging receptor molecules. However, simply bridging receptor molecules appears to be insufficient for TIE2 activation, because ANG2 activates TIE2 only poorly \[[@CR119]\]. Also, ANG1 and ANG2 bind in a very similar manner to TIE2, indicating that altered ligand presentation is not sufficient to explain the differences in angiopoietin biological activities \[[@CR103]\].

ANG1 oligomerization has been associated with enhanced TIE2 activity \[[@CR37], [@CR106], [@CR118]\]. Monomeric and dimeric ANG1 proteins lacking the coiled-coil and superclustering domains or the superclustering domain alone were able to bind to but not activate TIE2 \[[@CR106]\]. An ANG1 variant, ANG1-F1-Fc-F1, with four fibrinogen domains could phosphorylate TIE2 with a similar efficiency as native ANG1 \[[@CR106]\]. To improve protein solubility, additional dimeric, trimeric, and pentameric ANG1 fusion proteins lacking the superclustering and coiled-coiled domains have been designed \[[@CR37]\]. The pentameric ANG1 chimeric protein, COMP-Ang1, showed enhanced activity in comparison to native ANG1 \[[@CR37]\]. The dimeric GCN4 fusion failed to activate the TIE2/Akt pathway, whereas the trimeric Matrilin fusion protein, Mat-ANG1, induced TIE2/Akt phosphorylation similarly as native ANG1. The Mat-ANG1 activity suggests that TIE2 could be activated already by trimeric ANG1 variants. The angiopoietin oligomerization state has been found to regulate subcellular trafficking of Tie2-ANG2 and TIE2-ANG1 complexes and ANG2-mediated cell-matrix interactions \[[@CR119], [@CR157]\]. Importantly, it is still not understood which oligomerization state of ANG1 is optimal for TIE2 activation, which ANG1 forms predominate in vivo, or whether the different forms have different signaling functions.

Despite extensive efforts to identify TIE1 ligands, TIE1 is still considered an orphan receptor. However, it has been shown that both native ANG1 and COMP-Ang1 stimulate TIE1 phosphorylation in primary endothelial cells expressing also TIE2 \[[@CR120]\]. TIE1 phosphorylation occurs with same kinetics and doses of the stimulating angiopoietins as TIE2 phosphorylation, but is clearly weaker in intensity \[[@CR120]\]. Also, TIE1 has been suggested to differentially modulate the binding of ANG1 and ANG2 to TIE2 \[[@CR104], [@CR121]\]. These data suggest the possibility that TIE1 is unable to bind a ligand in an independent manner, but acts as a co-receptor with TIE2.

TIE-1 and TIE-2 Activation and Signaling {#Sec24}
========================================

ANG1 stimulates endothelial cell survival and migration, and promotes endothelial barrier function via TIE2 \[[@CR108], [@CR109], [@CR213]\]. ANG1 activates the TIE receptors via a unique mechanism, which is not used by other growth factor receptors and which is dependent on the cellular microenvironment \[[@CR119], [@CR122]\]. In contacting cells, ANG1 stimulates TIE receptor complexes, which form in *trans* across the cell--cell junctions promoting cell--cell adhesion and cell survival (Fig. [16.1](#Fig1){ref-type="fig"}). In isolated cells, matrix-bound ANG1 promotes cell--matrix adhesion via the TIE receptor complexes, which accumulate at the rear of migrating cells \[[@CR119], [@CR122]\]. The vascular endothelial protein tyrosine phosphatase, VE-PTP, dephosphorylates TIE2 at cell--cell junctions, and VE-PTP inhibitors have shown promise in alleviating pathological retinal vascularization via vessel stabilization \[[@CR139], [@CR141]\]. The junctional TIE2 complexes contain also TIE1 and are induced not only by ANG1 but also by ANG2 \[[@CR119]\]. ANG2 can inhibit ANG1-induced TIE2 activation, but its downstream signaling cascades are incompletely understood. Integrins, which regulate endothelial cell--cell and cell--matrix interactions, have been implicated in angiopoietin signaling, and likely regulate the context-dependent vascular functions of the angiopoietin growth factors during vascular destabilization and sprouting \[[@CR211], [@CR150]--[@CR153]\].

Context-Dependent ANG-TIE Signaling {#Sec25}
-----------------------------------

The binding of angiopoietins to TIE2 results in receptor activation via a unique mechanism, which is not used by other soluble growth factor ligands \[[@CR119], [@CR122]\]. When contacting endothelial cells are stimulated with angiopoietin ligands, TIE RTKs are rapidly translocated to cell-cell junctions. ANG1-TIE2 complexes reach in *trans* across the endothelial cell-cell junction and preferentially activate the PI3K--Akt pathway to promote cell survival, endothelial monolayer stability and barrier function \[[@CR119], [@CR122]\]. In mobile endothelial cells, matrix-bound ANG1 activates TIE2 in endothelial cell--matrix contacts to induce matrix adhesion and cell migration via activation of the extracellular-regulated kinases (ERK) \[[@CR122]\] and the adaptor protein DokR \[[@CR119]\].

The ANG1-activated Akt pathway, downstream of PI3K activation, enhances cell survival via phosphorylation and inhibition of the transcription factor forkhead box O1 (FOXO1) function \[[@CR125]\]. FOXO1 induces the expression of genes associated with vascular destabilization and remodeling, such as ANG2, and inhibits the expression of, e.g., survivin, an apoptosis inhibitor \[[@CR126]\]. ANG1 also induces the interaction of TIE2 with ABIN-2 (A20 binding inhibitor of NF-kappaB activation-2) which may promote cell survival and inflammatory signals \[[@CR127]\].

In the stalk cells of sprouting vessels, ANG1 may engage TIE2 at cell-cell junctions to mediate vascular stabilization. ANG2 stimulation results also in TIE2 translocation to endothelial cell junctions, but while ANG1 induces TIE2 activation, ANG2 induces only weak TIE2 tyrosine phosphorylation, and may act as an antagonist to inhibit ANG1-induced TIE2 activation \[[@CR119]\]. ANG2 is stored in the endothelial Weibel--Palade bodies from where it can be secreted in response to e.g. inflammatory stimuli \[[@CR123]\]. Increased ANG2 levels promote endothelial destabilization, whereas in concert with VEGF, ANG2 induces angiogenesis \[[@CR32]\]. However, ANG2 has been also suggested to function as an endothelial cell survival factor in stressed cells, where ANG1-stimulated Akt activation is low. In this setting, ANG2 would be induced, via the transcription factor FOXO1 to function as a TIE2 agonist, augmenting Akt activity to provide negative feedback to FOXO1-regulated transcription and apoptosis \[[@CR124]\].

Multiple signaling mechanisms have been reported to mediate the barrier promoting functions of ANG1. ANG1 stabilizes the cortical actin cytoskeleton, via the IQ domain GTPase-activating protein 1 (IQGAP1) and Rac1 \[[@CR128]\]. ANG1 also induces the expression of Kruppel-like factor 2, a transcription factor involved in vascular quiescence \[[@CR129]\], upregulation of the tight junction protein zonula occludens protein-2 (ZO-2) \[[@CR130]\], and activation of sphingosine kinase-1 (SK-1) \[[@CR131]\]. ANG1 counteracts VEGF-induced permeability and VE-cadherin internalization by inhibiting VEGF-activated Src via mDia \[[@CR132]\]. Another study shows that ANG1 inhibits VEGF-induced nitric oxide (NO) increase and permeability via activation of the atypical protein kinase C-ζ (PKC- ζ (zeta)), which phosphorylates the inhibitory Thr497 residue in endothelial nitric oxide synthetase (eNOS) \[[@CR133]\], while in some studies ANG1 has been shown to induce phosphorylation of the activating Ser1177 in eNOS and NO production \[[@CR134]\]. These results highlight the complexity of ANG1-mediated improvement of endothelial barrier function in response to various permeability increasing agents.

Negative Regulation of ANG-TIE Signaling {#Sec26}
----------------------------------------

VE-PTP (also known as HPTPβ, PTPRB, RPTPβ) is an endothelial cell-specific protein tyrosine phosphatase, and a negative regulator of TIE2. VE-PTP is indispensable during mouse vascular development, and it has an important function in promoting endothelial barrier function in part by associating with VE-cadherin \[[@CR135]--[@CR138]\]. Furthermore, the localization of VE-PTP in cell--cell junctions is promoted by ANG1 \[[@CR119]\]. Inhibition of VE-PTP using function-blocking antibodies resulted in enlarged vascular structures in the developing embryonic allantoic membrane \[[@CR139]\], as well as in experimental tumors \[[@CR140]\]. In addition, a small molecule inhibitor of VE-PTP increased Tie2 activity and suppressed neovascularization in a mouse model of neovascular age-related macular degeneration by stabilizing retinal and choroidal blood vessels \[[@CR141]\]. As the TIE receptors undergo significantly less ubiquitinylation following ligand binding than the VEGFRs and are less efficiently internalized and degraded \[[@CR69]\], transmembrane phosphatase-mediated dephosphorylation of TIE2 may be a significant mechanism of TIE2 regulation.

Mechanisms of ANG2/TIE1 Signaling {#Sec27}
---------------------------------

ANG2 signaling mechanisms are not well understood. Although ANG2 can inhibit the ANG1-induced TIE2 activation, it may, depending on the context, such as incubation time and ligand concentration, also act as an agonist. ANG2 has been suggested to support endothelial cell migration and cell survival under stressed conditions, in the absence of ANG1 and in the tumor vasculature \[[@CR33], [@CR124], [@CR142]\], and to induce actin stress fiber formation and endothelial gap formation via myosin light chain (MLC) phosphorylation \[[@CR46]\]. Furthermore, genetic mouse models have revealed that Ang2 functions as a Tie2 agonist in the lymphatic vasculature \[[@CR21], [@CR24]\]. In addition, ANG2 has been found to signal via integrins, independently of Tie2, promoting endothelial monolayer destabilization and cell migration (see [16.7.4](#Sec28){ref-type="sec"}).

The signaling mechanisms of TIE1 have remained poorly characterized. TIE1 can interact with TIE2 \[[@CR104], [@CR143], [@CR120]\], and it is phosphorylated in an ANG1-dependent manner \[[@CR120], [@CR144]\]. TIE1 has been proposed to function as an inhibitor of TIE2 activation \[[@CR104]\]; however, the results from a *Tie1* genetic mouse model did not support this possibility \[[@CR17]\]. Furthermore, it has been reported that a chimeric c-fms-TIE1 receptor with the TIE1 intracellular domain can activate the PI3K-Akt pathway \[[@CR145]\].

TIE1 is regulated by proteolytic cleavages, and these cleavages are enhanced by phorbol 12-myristate 13-acetate (PMA) and VEGF \[[@CR146]\]. The first cleavage occurs close to the plasma membrane and requires a metalloprotease, resulting in the release of the TIE1 ectodomain. The second, γ-secretase-dependent cleavage, releases the membrane-bound endodomain \[[@CR147]\]. TIE2 has been also reported to undergo ectodomain cleavage, but with different kinetics than TIE1, affecting the relative levels of TIE1 and TIE2 and thereby possibly contributing to the ANG1 ligand responsiveness of endothelial cells \[[@CR148], [@CR149]\].

ANG-TIE System and Integrins {#Sec28}
----------------------------

Multiple integrin heterodimers, which regulate cell--cell and cell--matrix interactions, are expressed in endothelial cells and are known to cross talk with the ANG-TIE signaling system. Angiopoietins have been reported to signal directly via the integrins or via TIE receptor-integrin complexes. Integrin α5β1 was found to co-immunoprecipitate with TIE2, sensitizing TIE2 to ANG1 signals, when cells adhered on fibronectin \[[@CR150]\]. On the other hand, ANG2 was reported to induce interaction of TIE2 with the αvβ3 integrin, stimulating the proteosomal degradation of αvβ3, an event that may be linked to endothelial destabilization \[[@CR151]\].

In addition, both ANG1 and ANG2 have been shown to directly interact with different integrin subunits, also in the absence of TIE2. In the tip cells of vascular sprouts, which express ANG2, but less TIE2, ANG2 is expected to stimulate sprouting via integrins \[[@CR152]\]. Recently, clues to the binding of ANG2 to α5β1 have been elucidated. ANG2 is able to bind α5β1 integrin in the absence of TIE2, and the molecular mechanism seems to require both integrin α and β subunits. ANG2 was found to interact with the tailpiece of the α5 subunit via a region around Gln362 in the C-terminal ANG2 fibrinogen-like domain \[[@CR153]\]. In another study, the ANG2 N-terminal domain, but not that of ANG1, was found to induce α5β1-integrin activation \[[@CR211]\]. In high glucose environments, such as those observed in diabetic retinopathy, ANG2 stimulated pericyte apoptosis in a process that required the α3β1-integrin, but not TIE2 \[[@CR59]\]. ANG1 regulates postnatal retinal angiogenesis; these signals appear to be mediated via astrocyte expressed αvβ5 integrin \[[@CR13]\]. During vascular sprouting, the retinal astrocytes secrete fibronectin, a matrix molecule that guides endothelial tip cell migration. Intravitreal ANG1 injection resulted in increased fibronectin deposition, astrocyte distribution, and FAK activation in astrocytes in an αvβ5 integrin-dependent manner, guiding directional sprouting into the avascular region of the retina \[[@CR13]\]. In endothelial monolayers silenced for Tie2, and in aortic endothelium of Ang2 transgenic mice, ANG2 activation of β1-integrin resulted in altered endothelial cell-matrix adhesion and the formation of actin stress fibers that promote endothelial retraction and junction destabilization. This alternative Ang2-β1-integrin signalling pathway is likely activated in diseases with increased vascular leak, where Ang2 levels are elevated and Tie2 levels reduced \[[@CR211]\]. The integrin dependent functions of angiopoietins should be considered when blocking reagents targeting Ang2 are developed for the treatment of cancer and other human diseases characterized with pathological vascular leakage.

Conclusions {#Sec29}
===========

The ANG-TIE system is an important regulator of endothelial cell functions. It provides critical signals for embryonic and postnatal cardiovascular and lymphatic development. Due to the vascular stabilization and vessel remodeling signals induced by the ANG1-TIE2 pathway, ways to reinforce this signaling axis are being investigated, including recombinant ANG1 proteins and small molecule inhibitors of the TIE2 inactivating phosphatase, VE-PTP, for alleviating pathological vascularization and endothelial destabilization, as well as stimulating neovascularization of ischemic tissues. In contrast, approaches to neutralize increased ANG2 levels are being developed to counteract its increased activity during inflammation and injury, and in tumors. Furthermore, TIE1 may provide a target for inhibition of atherosclerosis and tumor angiogenesis. However, future work is required to better understand the signaling mechanisms of the TIE1 receptor. In addition, increased understanding of the interplay of the ANG--TIE system with integrins may open up novel ways to better exploit the ANG-TIE system as a therapeutic target.
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